Abstract We calculate corner frequencies and stress drops for 25 potentially induced earthquakes (M w 2.17 À 2.57) in the Guy-Greenbrier sequence in the central Arkansas. We use the spectral ratio method, employing highly similar earthquakes as empirical Green's functions (eGfs). We show that multiple eGfs give consistent corner frequency estimates for the same earthquake and find a range of stress drops of 1.02 MPa to 42.50 MPa with a median of 10.57 MPa by using the Brune spectral model and the source parameters given by Sato and Hirasawa [1973]. We also analyze stress drop dependence on the assumed spectral models and source parameters and use a bootstrapping analysis to calculate the uncertainty in corner frequency and stress drop estimates. The Boatwright spectral model leads to lower stress drop estimates than the Brune spectral model due to the limited bandwidth and fixed fall-off rates. We find that the uncertainty in the stress drop of each earthquake is generally much smaller than the range of stress drop estimates. The value and range of these stress drops of the potentially induced earthquakes are similar to tectonic earthquakes in California reported by other spectral ratio studies. Our results highlight the value of spectral ratio analyses of earthquakes in the central United States.
Introduction
Stress drop, i.e., the difference between fault shear stress before and after an earthquake, is a fundamental parameter to characterize the earthquake source process. It provides valuable information about strong ground motions, and higher stress drops should lead to stronger high-frequency ground motion [Hanks, 1979; Boore, 1983] . Injection-induced earthquakes, which are associated with unconventional oil and gas recovery, have caused a significant increase in the seismicity rate in the central United States since 2009 [Ellsworth, 2013] . Hough [2014 Hough [ , 2015 observed low felt intensities for potentially induced earthquakes by using "Did You Feel It?" data and interpreted them to be a result of low stress drops relative to tectonic earthquakes in the central and eastern United States. Instrumental intensities recorded for several M w 4.0 À 4.5 potentially induced earthquakes in Texas, Oklahoma, and Kansas, however, are not low at distances less than 10 km [Frohlich et al., 2013; Atkinson, 2015] . The shallow depths of induced earthquakes provide an alternative interpretation for low intensities at larger distances .
Stress drop estimation depends on an accurate measurement of the source dimension of fault rupture. This requires the removal of path and site effects to obtain the source spectrum of the earthquake. The separation process is imperfect, which can lead to large uncertainty in the resulting stress drop. For example, it is common to assume a frequency-independent Q for the propagation path, which may not be valid for high frequencies [Campillo et al., 1985] . A more precise approach involves the deconvolution of a nearby event that is more than 1 magnitude unit smaller, i.e., an empirical Green's function (eGf), to correct for path and site effects [Berckhemer, 1962; Aki, 1967] . Mueller [1985] demonstrates that it is possible to resolve a single displacement pulse by using the eGf method. Hough [1997] has extended the analysis to obtain source parameters of several 1995-1996 Ridgecrest, CA, earthquakes. The traditional eGf method requires a priori information about the earthquake locations to find nearby events. Alternatively, we can use smaller earthquakes with highly similar waveforms with the target earthquakes as eGfs. Because of the close proximity and nearly identical focal mechanisms of highly similar events, we can remove common propagation effects by taking the spectral ratio of the target event and the eGf event [Ide et al., 2003; Imanishi and Ellsworth, 2006; Uchida et al., 2012; Lengliné et al., 2014; Abercrombie, 2014 Abercrombie, , 2015 . As commonly done in the studies cited above, we solve for the corner frequency of the eGf event when it lies in the frequency band of the data. This spectral ratio approach can lead to less variability in stress drop estimates than the traditional eGf approach.
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In this paper, we use broadband recordings of potentially induced earthquakes and apply the spectral ratio method to obtain precise stress drop estimates with uncertainties. We compare the stress drop estimates and uncertainties by using different spectral models and find that stress drops of potentially induced earthquakes are comparable to stress drops of tectonic earthquakes when estimated by using the spectral ratio method.
Earthquake Clusters in the Guy-Greenbrier Sequence
Our study focuses on the GuyGreenbrier sequence in central Arkansas, where wastewater was injected into the Ozark aquifer at depths between 1.8 and 3.3 km [Horton, 2012] . Potentially induced earthquakes occurred near the town of Guy, when the nearby injection wells started operating in July 2010 and continued migrating to the southwest toward the town of Greenbrier (Figure 1) . The sequence revealed a previously unknown fault, which is~15 km long. Most earthquakes were located in the Precambrian basement at depths of 3 to 7 km [Horton, 2012] . The M w 4.8 main shock on 28 February 2011 had a strike-slip mechanism with a strike of 31°and a dip of 89°. Since shut-in of nearby injection wells after the main shock, seismicity rate decayed slowly along the Guy-Greenbrier fault. A total of 1382 earthquakes were recorded in the Advanced National Seismic System catalog between July 2010 and October 2011. Huang and Beroza [2015] have applied template matching to the sequence and detected more than 250,000 earthquakes above magnitude À1. They find seismicity deviated from the Gutenberg-Richter statistics during the operation of nearby injection wells, but returned to GutenbergRichter behavior after shut-in, suggesting that fluid injection had an important effect on the behavior of induced earthquakes.
To identify highly similar events for stress drop analysis, we search for clusters of earthquakes with highly similar waveforms by using a cross-correlation coefficient threshold of 0.8 for a 4 s long window containing both P and S waves, band-pass filtered between 1 and 20 Hz. We perform the search by using the threecomponent data of three stations: WHAR, CHKGRS, and CHKGUY, with a sampling rate of 100 Hz (Figure 1 ). We identify 49 clusters with a total of 172 events with highly similar waveforms (Figure 2 ). The master events in the clusters are M w 2.17 À 2.57. They represent 6.25% of all the Guy-Greenbrier earthquakes in this magnitude range and spread along the Guy-Greenbrier fault during both injection and postinjection periods. Most eGfs are more than 1 magnitude unit smaller than the master events. To ensure the robustness of stress drop estimates, we measure the stress drop of the master event from both P and S waves, which leads to 25 clusters with a total of 66 events (Figure 1 ). They occurred in three periods: October-December 2010, February-March 2011, and October 2011, including both injection and postinjection periods of well 1 and well 5 (Figure 1) . 
Corner Frequency Estimation Using the Spectral Ratio Method
We calculate P wave spectra recorded on the vertical component and S wave spectra recorded on the north component, which are more reliable than the east component due to the large-amplitude PS converted phases on the east component for several earthquakes (supporting information). We manually pick the direct P wave and S wave arrivals. The P wave window starts 0.1 s before the direct P wave arrival (Figure 2 ). It lasts for 0.5 s in October-November 2010 and for 0.4 s in the rest of the period. The S wave window is 0.8 s long. The window length is chosen long enough to stabilize the solution but short enough to isolate the direct P wave from possible PS converted phases. We taper the P wave and S wave windows by using a 10% Tukey window 
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before calculating the spectrum. We sample the spectrum at equal intervals of 0.025 in log frequency, and then smooth it with a running average for every four samples to improve stability of the spectrum. To obtain the spectral ratio, we divide the spectrum of the master event by the spectrum of its eGf at each of the three stations. We average the spectral ratios over the three stations to enhance the signal further. The stacked spectral ratio between each master-eGf event pair exhibits a plateau, corresponding to the ratio of seismic moments, at frequencies lower than the corner frequency of the master event ( Figures 3 and 4) . Another plateau at frequencies higher than the corner frequency of the eGf event is also expected, but it is mostly absent in our data because of the limited bandwidth at high frequency. The spectral ratios of the master event to different eGfs should be similar in shape at frequencies lower than the corner of the eGf, because they all reflect the corner frequency of the master event.
To investigate the dependence of the source parameters on different spectral models, we estimate the corner frequency of the master event by fitting the spectral ratios using the Brune spectral model [Brune, 1970] ( Figure 3 ) and the Boatwright spectral model [Boatwright, 1980] (Figure 4 ):
where M 01 is the seismic moment of the master event, f c1 is the corner frequency of the master event, M 02 is the seismic moment of the eGf, and f c2 is the corner frequency of the eGf. Compared with the Brune spectral model, the Boatwright spectral model has a sharper corner (the solid line in Figure 5 ). Note that the Boatwright spectral model radiates more energy particularly around the corner frequency.
We apply the nonlinear least squares curve-fitting algorithm in MATLAB (lsqnonlin@MATLAB), which uses trust-region-reflective optimization by default. To minimize f(x), the trust-region approach approximates f with a simpler function q around the point x in a neighborhood N and the step is calculated by minimizing q around N [Moré and Sorensen, 1983] . Trust-region methods can accommodate a very large step length and converge faster than Levenberg-Marquardt methods when the curvature of f(x) is negative [Berghen, 2004] . Because the resolution becomes poor when the estimated corner frequency approaches 80% of the Nyquist (50 Hz), we use an upper bound of 35 Hz for the estimated corner frequency. Hence, the corner frequency may be underestimated if it is larger than this. For the master events with multiple eGfs, the reported corner frequency of the master event is the mean of the corner frequencies estimated from different eGfs. We also calculate corner frequencies from S waves to provide an independent measurement (Table 1) . On average, the ratio of P wave to S wave corner frequencies is about 1.2.
Both spectral models result in similar residuals for the best fit curves (Figures 3 and 4) . We carry out a bootstrapping analysis to investigate further if either spectral model better constrains the corner frequency. We randomly resample the residuals between the data and the best fit model 1000 times and create a new data set by adding the data and resampled residuals. We then estimate the corner frequency of the master event from the new data set and calculate the standard error of the corner frequency at the 95% confidence level. The Boatwright spectral model generally provides smaller normalized standard errors for the same mastereGf event pair, though the standard errors are less than 18% of the best fit corner frequencies for both spectral models (Figure 6 ). We also find that the Brune spectral model tends to fit the spectral ratios with higher corner frequencies (Table 1) . This is likely due to the bandwidth limitation of our data, which does not include enough high frequencies around the corner frequency of the eGf event. Figure 5 shows that if we assume that the Boatwright source spectrum (the solid line) represents a Guy-Greenbrier earthquake with a corner frequency of 20 Hz, the best fit corner frequency from the Brune spectral model is 23.3 Hz, given a limited bandwidth of 3-35 Hz. We have tested a corner frequency of 5 Hz near the lower end of our bandwidth, and it leads to a similar result. Note that there is also a trade-off between the corner frequency and the fall-off rate of the spectrum [Kaneko and Shearer, 2015] . We might find more similar corner frequency estimates among events if the fall-off rates were allowed to be a free parameter.
In the following section, we show stress drop estimates from both spectral models to facilitate the comparison with stress drop estimates of tectonic earthquakes by using the spectral ratio approach.
Stress Drop Analysis
We determine the seismic moment of the master event from the earthquake magnitude calculated from the peak velocity recorded at WHAR station [Huang and Beroza, 2015] . We assume that the moment magnitude and the WHAR magnitude have a linear relationship for M ≤ 3 earthquakes:
Because M W e 2 3 log 10 M 0 ð Þ, where M 0 is seismic moment, we describe the seismic moment ratio
M01
M02 as a function of the difference of WHAR magnitudes ΔM WHAR for each pair of the master event and its eGf:
where 3 2 a gives the slope of the linear function. Because the seismic moment ratios estimated from P and S waves are slightly different, we calculate the average seismic moment ratios and compare them with the WHAR magnitude differences. For both the Brune spectral model and the Boatwright spectral model, we find that the slope is close to 1 (Figure 7) , which means a≈ 2 3 . Assuming that the WHAR magnitude converges to the moment magnitude when M = 3, we find M w ¼ 2 3 M WHAR þ 1. This relationship is also found valid for other M ≤ 3 earthquakes [Hanks and Boore, 1984; Baltay and Hanks, 2015] . Note that some individual measurements diverge from the best fit slope and the moment magnitudes calculated for these events may introduce uncertainties in stress 
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We calculate stress drop from seismic moment M 0 and corner frequency f c , assuming a circular crack model [Eshelby, 1957] :
where r is the source radius, v is the P or S wave speed, and k is a constant. We assume a P wave speed of 5.8 km/s and an S wave speed of 3.3 km/s. We use the value of k given by Sato and Hirasawa [1973] :
where C is 1.6 for P waves and 1.99 for S waves if rupture velocity is 90% of the S wave speed. The parameters lead to a ratio of P wave to S wave corner frequencies that is consistent with our result (~1.2). The rupture velocity of small earthquakes may range between 40% and 92% of the S wave speed [Imanishi et al., 2004] . But since rupture velocity of the Guy-Greenbrier earthquakes is not well constrained, we assume that it is 90% of the S wave speed. We use k = 0.32 for S wave, which is larger than k = 0.21 given by Madariaga [1976] but smaller than k = 0.372 given by Brune [1970] . It means that our stress drop is about 30% of the Madariaga stress drop, but about 60% larger than the Brune stress drop given the same wave speeds. Kaneko and Shearer [2014] consider more realistic dynamic rupture models with cohesive zones and find k = 0.26 for S waves if rupture velocity is 90% of the S wave speed.
We find the P wave stress drops calculated from the Brune spectral model range between 0.51 MPa and 32.63 MPa with a median of 9.47 MPa (Figure 8 ). This is a small range compared to the 2 or 3 orders of magnitude difference in typical stress drop estimates [Abercrombie, 1995] . We also calculate the uncertainties in stress drop estimates at the 95% confidence interval of corner frequencies. If we define the uncertainty using α ¼
Δτmax ÀΔτmin Δτ
, α is less than 2.14 for the Brune spectral model and the uncertainty in the stress drop of each earthquake is much smaller than the range of stress drop estimates. Prieto et al. [2006] and Abercrombie [2015] also show that using a number of eGfs in the spectral ratio analysis can significantly increase the quality of stress drop estimates and five measurements are sufficient to obtain reasonable results. Here we calculate stress drops of master events with at least two eGfs, or at least 6 measurements given three stations in our analysis, and still observe the same range of stress drops as before, with a median of 9.00 MPa (red diamonds in Figure 8 ).
To investigate the variability of stress drop estimates further, we also calculate P wave stress drops by using the Boatwright spectral model. They are between 0.23 MPa and 8.16 MPa with a median of 3.10 MPa, about a third of the median stress drop estimated from the Brune spectral model, as a result of the lower corner frequency estimates in the Boatwright spectral model. Note that stress drop estimates depend on the cube of corner frequencies. Master events with multiple eGfs also show a similar range of stress drops with a median of 2.74 MPa. Moreover, the Boatwright spectral model leads to smaller uncertainties in stress drop estimates (α < 0.80) (Figure 8 ), which differs from previous studies that find no systematic difference between the spectral models [Baltay et al., 2011; Abercrombie, 2014] . 
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The S wave stress drops provide independent constraints, and the range of estimates is consistent with the P wave stress drops (Figure 9 ). We combine P and S wave stress drops by taking the arithmetic average (Figure 10) . The average stress drops show a similar range to the P wave stress drops: from 1.02 to 42.5 MPa for the Brune spectral model and from 0.52 MPa to 11.45 MPa for the Boatwright spectral model. The Brune spectral model leads to a median stress drop of 10.57 MPa, while the Boatwright spectral model gives a median stress drop of 3.54 MPa.
Comparison Between Induced and Tectonic Earthquakes
We compare the estimated stress drops of the potentially induced earthquakes in the Guy-Greenbrier sequence with the stress drops of tectonic earthquakes. We focus on the spectral ratio analysis that is also based on clusters of highly similar earthquakes, because the estimates among different approaches may vary substantially. Ide et al. [2003] found that the spectral ratio method leads to significantly higher stress drops than the constant-Q analysis, presumably due to a more effective removal of attenuation and path effects in the spectral ratio method. We compare to the previous spectral ratio analysis of tectonic earthquakes with comparable magnitude in the United States includes the Parkfield, CA, earthquakes [Imanishi and Ellsworth, 2006; Abercrombie, 2014] and the Long Valley, CA, earthquakes [Ide et al., 2003] (colored circles in Figure 10 ). These earthquakes also have similar depths as the Guy-Greenbrier sequence (mostly~3-7 km). Among them, Abercrombie [2014] estimated corner frequencies from Figure 9 . S wave stress drops for both the Brune and Boatwright spectral models. The error bar gives the possible range of stress drops at the 95% confidence level from the bootstrapping analysis. The dashed line denotes the median of all the S wave stress drop estimates. The red diamonds denote the stress drop estimates of master events with multiple eGfs. Figure 10 . The average of P and S wave stress drop estimates of master events for both the Brune spectral model and the Boatwright spectral model. The error bar gives the possible range of stress drops at the 95% confidence level from the bootstrapping analysis. The dashed line denotes the median of all the stress drop estimates. The colored dots show the stress drops of tectonic earthquakes based on spectral ratio analyses in other studies. The blue and purple dots denote the stress drops estimated from the reported corner frequencies of Parkfield, CA, earthquakes [Abercrombie, 2014; Imanishi and Ellsworth, 2006] and an S wave velocity of 3.3 km/s. The cyan dots show the stress drops estimated from the reported corner frequencies and an S wave velocity of 2.3 km/s used by Abercrombie, 2014 . The red dots show the stress drops estimated from the reported corner frequencies of Long Valley, CA, earthquakes [Ide et al., 2003] and an S wave velocity of 3.3 km/s. Note that both Ide et al. [2003] and Imanishi and Ellsworth [2006] use the same S wave velocity as used in this paper.
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10.1002/2016JB013067 the Brune spectral model, while the other two studies used the Boatwright spectral model. They also assume different wave speeds and k value in equation (6). To facilitate the comparison, we convert the reported seismic moments and corner frequencies to stress drops by using the parameters in our analysis. For example, Abercrombie [2014] uses Madariaga's k value and a smaller S wave speed of 2.3 km/s, which leads to stress drops that are a factor of 6.6 larger than the stress drops estimated from our source parameters. Figure 10 shows that the stress drops of the potentially induced earthquakes in the Guy-Greenbrier sequence are comparable to the stress drops of the Parkfield and Long Valley earthquakes. In particular, stress drops of the Parkfield earthquakes estimated by Abercrombie [2014] are lower than the median stress drop of the Guy-Greenbrier earthquakes, while stress drops of the Parkfield earthquakes reported by Imanishi and Ellsworth [2006] are on the high end of our range.
Discussion and Conclusions
Stress drop estimates commonly exhibit a large variability. Here we use the spectral ratio method to obtain high-resolution results without the assumption of frequency-independent attenuation or simple geometrical spreading. Our stress drop estimates vary by a factor of 42 for the Brune spectral model and a factor of 22 for the Boatwright spectral model. Because we only have three stations and assume an average radiation pattern, the range of stress drops could partially result from the variability in source geometry. Kaneko and Shearer [2015] found that at least a factor of 8 range in stress drop estimates can be caused by the variability in source characteristics such as source geometry, rupture directivity, and rupture speeds. Other factors that may affect stress drops include faulting styles, tectonic deformation rates, rock composition, and earthquake depths Goebel et al., 2015] .
There are few studies of stress drop for induced earthquakes associated with deep injection wells in the oil and gas industry; however, a wide range of stress drops has been reported for earthquakes induced by hydraulic stimulation at geothermal fields. Goertz- Allmann et al. [2011] estimated stress drops of 0.1 to 100 MPa with a median of 2.32 MPa for the Basel earthquakes located at depths of 3.5-5 km and found a systematic increase in stress drops with distance from the injection point at the Basel geothermal field. Compared with the other studies that use the same method, their stress drop is well below the 4 MPa median for global tectonic earthquakes [Allmann and Shearer, 2009] and 6.75 MPa median for tectonic earthquakes in Parkfield [Allmann and Shearer, 2007] . While the median stress drops appear different, it can be at least partially attributed to a difference in source parameter assumptions. Goertz-Allmann et al.
[2011] used Brune's k value (k = 0.56 for P waves), while Shearer [2007, 2009 ] used Madariaga's k value (k = 0.32 for P waves). Given this difference, stress drops of induced earthquakes at the Basel geothermal field may be comparable to those of tectonic earthquakes.
We compare stress drops of induced earthquakes with those of tectonic earthquakes estimated by using the spectral ratio approach and the same source parameters. Given that stress drops of tectonic earthquakes vary considerably, it is crucial to compare a range of stress drops rather than individual measurements, and a difference between stress drop estimates from two different populations should be larger than the variability Figure 11 . The histograms show the distributions of stress drops for both the Brune spectral model and the Boatwright spectral model. The log mean (μ) and log variance (σ 2 ) are shown beside the lines.
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if it is significant, which is not what we observe. Moreover, the variability in our stress drop estimates is already quite small. Previous studies suggest that large populations of stress drops are lognormally distributed [Baltay et al., 2011] . By fitting a lognormal distribution, we find that our stress drops have a variance of 0.21 for the Brune spectral model and a variance of 0.13 for the Boatwright spectral model (Figure 11 ). Note that we compare our stress drops with stress drops of tectonic earthquakes in California. Stress drops of tectonic earthquakes in the central United States are thought to be greater by a factor of 2 or 3 as inferred from the larger ground motions at near-fault distances [Atkinson and Wald, 2007] . More spectral ratio analyses of tectonic earthquakes in the central United States are needed to obtain precise stress drop measurements for comparison.
Here we estimate the stress drops of potentially induced earthquakes in the Guy-Greenbrier sequence by using the spectral ratio approach. The multiple highly similar eGfs enable us to separate source and propagation effects. We apply two spectral models and the bootstrapping approach for a better understanding of the uncertainties in corner frequencies and stress drops. Our stress drop values have a relatively small range. Because of the bandwidth limitation and fixed fall-off rates, the Boatwright spectral model results in lower corner frequency and stress drop estimates. Nevertheless, both spectral models result in stress drops that are comparable with the stress drops of tectonic earthquakes in California that occur at similar depths if the same spectral ratio method and source parameters are used. Our results do not support low stress drops for predicting ground motions from induced earthquakes in the central United States.
